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TIME-DELAY DISCRIMINATOR 

FIELD OF THE INVENTION 

[0001] This invention relates to a method and apparatus 
for determining the time delay betWeen at least tWo signals, 
for example Wideband irregular noise-like signals, and is 
particularly but not exclusively applicable to a feedback 
control system employing a time-delay discriminator to 
provide a corrective signal used by the system to in?uence 
the operation of a respective actuator. 

BACKGROUND OF THE INVENTION 

[0002] In a Wide range of industrial control systems, the 
value of a parameter of interest is maintained Within a 
speci?ed interval by ?rst determining the transit time 
required for some phenomenon or process to travel a pre 
determined distance. 

[0003] One example is shoWn in FIG. 1, Which depicts a 
block diagram of a feedback system employed to control the 
?oW rate of some substance or medium, such as pulverised 
coal or cooling ?uid. The system comprises tWo suitable 
non-invasive sensors SX and SY, placed outside the ?oW 
pipe FP, a time-delay discriminator TDD, a control unit 
CON, and a suitable actuator ACT, such as a signal-con 
trolled valve or pump. 

[0004] In the case of pulverised coal, the sensors may, for 
example, detect time-varying changes in the electric charge 
carried by moving coal particles. In the case of determining 
the ?oW rate of coolant in, for example, a pressurised Water 
reactor, the sensors Will usually detect a y-ray emitting 
element carried by the ?uid. In either case, the sensors are 
responsive to an observed physical phenomenon varying in 
time in a noise-like fashion, and signals produced by the 
sensors are representations of that phenomenon. 

[0005] The time-delay discriminator TDD processes tWo 
signals, x(t) and y(t), supplied by the sensors and determines 
the time delay (the transit time) A betWeen those signals. 
Because the distance D betWeen the sensors SX and SY is 
knoWn, the required ?oW rate FR corresponds to some 
nominal value A0 of transit time, Where AO=D/FR. The 
time-delay discriminator TDD provides at its output the 
value of a time-delay error e=(A—AO), indicative of the 
discrepancy betWeen the observed and the required ?oW 
rates. 

[0006] The value of error 6 provided by the time-delay 
discriminator TDD is then converted by the control unit 
CON into a suitable corrective signal applied to the actuator 
ACT. The main function of the actuator ACT is to adjust the 
actual ?oW rate in such a Way as to nullify (or at least 
signi?cantly reduce) the time-delay error 6, thereby attaining 
the required ?oW rate FR. 

[0007] FIG. 2 shoWs an example of another feedback 
control system employed by an industrial robot ROB Whose 
main function is to folloW (‘shadow’) a moving vehicle 
MOV, While maintaining a speci?ed ‘safe’ distance D. A 
similar control system can be used in automotive applica 
tions, for example, in collision-avoidance, cruise control or 
pre-crash vehicle conditioning. 

[0008] The system comprises a transmitter TX driving a 
transmit element TE, a receive element RE coupled to a 
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signal receiver RX, a transmit sensor SX, a receive sensor 

SY, a time-delay discriminator TDD, a control unit CON, 
and a drive control block ACT. 

[0009] A Wideband noise or chaotic signal generated by 
the transmitter TX is sent via the transmit element TE 
toWard the preceding vehicle. The time-delay discriminator 
TDD processes jointly tWo signals: a copy of the transmitted 
signal x(t), captured by the transmit sensor SX, and a signal 
y(t) re?ected back by the vehicle and applied to the receive 
sensor SY. The time-delay discriminator TDD determines 
the time delay A betWeen the signals x(t) and y(t). Because 
the propagation velocity v of the transmitted and received 
signals is assumed to be knoWn, the speci?ed distance D Will 
be maintained, if the observed delay time A is equal to its 
nominal value AO=2D/v. 

[0010] Accordingly, the time-delay discriminator TDD 
provides at its output the value of a time-delay error e=(A— 
A0), Which is converted by the control unit CON into a 
corrective signal. This signal is then used by the drive 
control block ACT to adjust the robot’s speed in such a Way 
as to nullify (or at least signi?cantly reduce) the time-delay 
error 6, thereby maintaining the required distance D. 

[0011] The above tWo examples of applications involving 
a time-delay discriminator represent tWo classes of systems 
incorporating a delay-locked loop, described extensively in 
the prior art. In such systems, either the velocity or distance 
is being adjusted, While the other complementary parameter 
(distance or velocity) is constant, be it by its nature or by 
design. 

[0012] In the prior art, systems employing a time-delay 
discriminator are also classi?ed as being either passive or 
active, depending on Whether the physical phenomenon 
detectable by sensors is inherent in the observed process, or 
is imparted (or at least enhanced) by the use of some 
auxiliary means, such as suitable markers in?uencing (or 
‘modulating’) the process, ultrasonic or radio-frequency 
radiators, visible light or infrared illuminators, etc. 

[0013] If x(t) denotes one of the tWo signals applied to the 
time-delay discriminator TDD, the other signal y(t) can be 
expressed as 

[0014] Where A is a scale factor, A denotes an unknoWn 
time delay and n(t) represents background noise and other 
interference. 

[0015] In some practical applications, even in a no-noise 
case, the signal y(t) Will no longer be a scaled and time 
shifted replica of the signal x(t), due to ?oW turbulence, 
Doppler effect and/or nonlinear sensor characteristics. In 
such cases, it is assumed that the additive noise Waveform 
n(t) Will also include a component representing the respec 
tive distortions of the signal shape. 

[0016] A conventional technique used to determine the 
value of unknoWn time delay A is based on crosscorrelating 
the tWo Wideband signals x(t) and y(t), ie by performing the 
operation 
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[0017] Where the integral is evaluated over the observation 
interval of duration T and for a range, Amin<t<AmaX, of delay 
values of interest. The value of argument '5 that maximises 
the crosscorrelation function RXy('c) provides an estimate of 
an unknoWn delay A. 

[0018] In practice, prior to crosscorrelation, the signals 
x(t) and y(t) may be suitably pre?ltered to accentuate 
frequencies for Which the signal-to-noise ratio (SNR) is 
highest and to attenuate background noise, thus increasing 
the resulting overall SNR. A crosscorrelator utiliZing signal 
pre?ltering is knoWn in the prior art as a generaliZed 
crosscorrelator. 

[0019] The crosscorrelation process, including pre?lter 
ing, can also be implemented digitally, if suf?cient sampling 
and quantising of the signal is used. 

[0020] FIG. 3 is a block diagram of a conventional system 
crosscorrelating a received signal y(t) With a reference signal 
x(t) to determine the value of the unknoWn delay, and FIG. 
4 shoWs an example of a crosscorrelation function RXy('c) 
betWeen a signal x(t) and its replica y(t) delayed by A. In this 
case, the resulting crosscorrelation function RXy('c) is the 
same as a time-shifted autocorrelation function RXXQE) of the 
signal Because of the symmetry of RXy("c) With respect 
to its maximum occurring at 'c=A, a single value of the 
cross-correlation function can only provide information 
about the absolute value |A—AO| of time-delay error. There 
fore, When a correlator is to be used in a time-delay 
discriminator, some additional operations Will have to be 
performed in order to obtain a bipolar output related to the 
time-delay error (A—AO). 

[0021] For a ?nite time interval T, the crosscorrelation 
curve determined experimentally Will usually contain errors 
associated With random ?uctuations in the signals them 
selves, as Well as errors due to noise and interference. As a 
result, the task of locating the crosscorrelation peak is rather 
dif?cult to perform in practical systems. Even When the peak 
is Well de?ned, its position is usually found by evaluating 
the crosscorrelation function at several points and calculat 
ing corresponding differences to approximate the derivative 
of the crosscorrelation function. Those additional operations 
are computationally intensive and inconvenient, especially 
When the peak-seeking procedure is to be implemented for 
Wideband signals in real time. 

[0022] It is knoWn that the derivative R‘Xy('c)=dRXy('c)/d'c 
of a crosscorrelation function RXy("c) can be obtained by 
crosscorrelating a ?rst signal With the derivative of a second 
signal. Because the derivative of a crosscorrelation function 
is an odd function, ie R‘Xy(—'c)=—R‘Xy('c), it can provide 
information about the time-delay error. In some crosscorr 
elator systems, a similar result is achieved by replacing 
signal differentiation by Hilbert transformation. 

[0023] Irrespective of the approach, When there is no 
noise, and the observation time is suf?ciently long, the 
resulting bipolar curve Will cross a Zero level exactly at the 
time instant '5 equal to the time delay A betWeen tWo signals 
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being processed. FIG. 5 shoWs an example of a curve 
observed at the output of a suitably modi?ed crosscorrelator 
system processing jointly a signal x(t) and its replica y(t) 
delayed by A. Because of the characteristic bipolar S-shape 
of the curve, such a system can perform the function of a 
time-delay discriminator required in a delay-locked loop 
intended to track a time-varying delay of interest. 

[0024] In general, Wideband signals encountered in prac 
tical applications are nonstationary With evidently non 
Gaussian statistical characteristics. Therefore, many knoWn 
crosscorrelation techniques based, explicitly or implicitly, 
on the assumptions of signal stationarity and Gaussianity are 
only of limited practical use. Furthermore, most practical 
implementations have to deal With discrete-time samples, so 
that the optimisation procedures and performance analyses 
carried out in the continuous-time frameWork cannot be 
fully applicable. 
[0025] WO-A-00/39643 discloses an improved method 
for the estimation of the time delay betWeen signals using a 
technique referred to herein as “crosslation”. The contents of 
WO-A-00/39643 are incorporated herein by reference. 
[0026] The term “crosslation” as used herein refers to a 
technique Whereby prede?ned (preferably at least substan 
tially aperiodic) events Which occur in one signal are used to 
de?ne staggered segments of a second signal, and represen 
tations of the staggered segments are then combined. The 
?rst and second signals may in fact be the same signal, in 
Which case the resulting combined representation Will pro 
vide information regarding the statistical properties of that 
signal, and in particular about the average behaviour of the 
signal before and after the prede?ned events. Alternatively, 
the ?rst and second signals may be different signals (“mutual 
crosslation”), or one signal may be a delayed version of the 
other, in Which case the combined representation Will pro 
vide information about the relationship betWeen those sig 
nals. For example, if the combined representation contains a 
feature Which Would be expected from combining segments 
associated With multiple prede?ned events, this may indicate 
that one of the signals is delayed With respect to the other by 
an amount corresponding to the position Within the repre 
sentation of that feature. 

[0027] According to WO-A-00/39643, a bipolar signal is 
subjected to an unknoWn delay, and the reference (non 
delayed) version of the signal is examined to determine the 
time instants at Which its level crosses Zero With a positive 
slope (an upcrossing). The timing of these crossing events is 
used to obtain respective segments of the delayed signal, the 
segments having a predetermined duration. The segments 
are all summed, and a representation of the summed seg 
ments is then examined to locate a feature in the form of an 
S-shaped odd function. The position Within the representa 
tion of a Zero-crossing in the centre of the odd function 
represents the amount by Which the signal has been delayed. 
Instead of using upcrossings, the reference (non-delayed) 
version of the signal could be examined to determine When 
its level crosses Zero With a negative slope (doWncrossings). 

[0028] WO-A-00/39643 also suggests improving accu 
racy by using both upcrossings and doWncrossings. In this 
case, the odd S-shaped function to be examined is obtained 
by summing segments de?ned by upcrossings and subtract 
ing those de?ned by doWncrossings. 
[0029] The crosslation techniques of WO-A-00/39643 are 
robust and particularly Well suited for processing non 
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Gaussian signals corrupted by non-Gaussian noise. Because 
only timing instants are extracted from one of the signals, 
time delay estimators based on crosslation are much less 
sensitive to nonlinear signal distortions than the many 
conventional estimators. HoWever, the performance of the 
crosslation technique in its disclosed form can be degraded 
in applications involving strongly non-stationary intermit 
tent signals With prominent bursts folloWed by signal fading. 

[0030] Accordingly, it Would be desirable to provide an 
improved technique for time delay measurement, for 
example, for use in a feedback control system incorporating 
a time-delay discriminator. 

DESCRIPTION OF THE INVENTION 

[0031] Aspects of the present invention are set out in the 
accompanying claims. 

[0032] In a further aspect of the invention, the delay 
betWeen tWo corresponding signals is estimated. Each signal 
contains a stream of events, Which may be de?ned by the 
times at Which the signal crosses a predetermined threshold. 
The events of a ?rst one of the signals are used to sample the 
second signal. The samples are combined, eg by summing 
or averaging (herein references to summing are intended to 
cover averaging also). The resulting value Will depend upon 
Whether the samples are, generally, close to the events in the 
second signal. If the samples tend substantially to coincide 
With the events, the value Will correspond to a predetermined 
value (eg Zero). 
[0033] In accordance With a particular feature of the 
present invention, delays Which are relatively short com 
pared With the average interval betWeen events can be 
determined from the value obtained by combining the indi 
vidual samples. By suitable de?nition of the events, if the 
samples tend to be close to but not coincidental With the 
events, the value Will be dependent on the average proximity 
to the events, and on Whether the samples precede or folloW 
the events. This aspect is of particular value in feedback 
control systems for measuring small timing errors. 

[0034] Alternatively, delays Which are relatively long 
compared With the average interval betWeen events can be 
measured using the techniques of WO-A-00/39643. In this 
technique, as indicated earlier, each event in the ?rst signal 
is used to take a succession of samples (i.e. a segment) of the 
second signal. The segments are combined, and the resultant 
Waveform contains a feature having a position correspond 
ing to the delay. 

[0035] In accordance With a further, independent aspect of 
the invention, the samples of the second signal are Weighted 
in accordance With one or more characteristics of the events 

(in the ?rst signal) Which de?ne them, before being com 
bined. This aspect can be used in either of the tWo techniques 
mentioned above, i.e. When measuring either relatively short 
or relatively long delays. It is of particular advantage in 
situations involving signals Which are intermittent and/or 
have Widely varying amplitudes, because it enables the 
samples de?ned by those events associated With stronger 
parts of the signal to have a greater in?uence on the resulting 
output than other samples, thereby improving performance. 

[0036] Typical characteristics associated With the events 
are the slope of the ?rst signal When the event occurs, and 
the average amplitude of the ?rst signal in the vicinity of the 
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event (for example in the period just before and just after the 
event, or in the period betWeen that event and the next 
event). Either or both of these characteristics could be used 
to calculate a Weight for applying to the samples. 

DESCRIPTION OF THE DRAWINGS 

[0037] Arrangements embodying the present invention 
Will be described by Way of example With reference to the 
accompanying draWings, in Which: 

[0038] FIG. 1 is a block diagram of a feedback system 
employed to control the How rate of some substance or 
medium, such as pulverised coal or cooling ?uid; 

[0039] FIG. 2 shoWs an example of a control system 
employed by a robot Whose function is to folloW a moving 
vehicle, While maintaining a speci?ed distance; 

[0040] FIG. 3 is a block diagram of a conventional system 
crosscorrelating a delayed signal y(t) With a reference signal 
x(t) to determine the value of unknoWn delay; 

[0041] FIG. 4 is an example of the shape of a crosscor 
relation function KWCC) betWeen a signal x(t) and its replica 
y(t) delayed by A; 

[0042] FIG. 5 is an example of a curve observed at the 
output of a modi?ed cross-correlator system processing 
jointly a signal x(t) and its replica y(t) delayed by A; 

[0043] FIG. 6 depicts a segment of a continuous irregular 
signal consisting of contiguous, alternating positive and 
negative pulselets, punctuated by respective Zero crossings; 

[0044] FIG. 7 illustrates schematically a positive pulselet, 
its upslope and its mean level, de?ned as the mean value of 
the pulselet; 

[0045] FIG. 8 shoWs an example of a nonlinear transfor 
mation of the product used to obtain Weights to be assigned 
to Zero-crossing events; 

[0046] FIG. 9 depicts a fragment of a nonstationary 
irregular signal comprising alternating burst-and-fade inter 
vals; 

[0047] FIG. 10 is a block diagram of a time-delay dis 
criminator arranged to operate in accordance With the 
present invention; 

[0048] FIG. 11 illustrates schematically the relationship 
betWeen tWo running averages of a received signal; 

[0049] FIG. 12 depicts the experimental characteristics of 
a time-delay discriminator constructed in accordance With 
the present invention; 

[0050] FIG. 13 is a block diagram of a time delay mea 
surement apparatus according to the present invention, 
Which uses a bank of signal processors; and 

[0051] FIG. 14 is a Waveform represented by the collec 
tive outputs of the apparatus of FIG. 13. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0052] In the preferred embodiments to be described, it is 
assumed that tWo signals are available for processing: a 
Wideband noise-like reference signal x(t) and a received 
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signal y(t) Which is a time-delayed replica of Further 
more, the received signal y(t) may have been corrupted by 
noise and other interference. 

[0053] Areference signal X(t) is examined to construct tWo 
streams of events: 

[0054] 1. a ?rst stream, obtained from Zero upcrossings, 
comprising the time instants 

[0055] at Which the signal crosses Zero With a positive 
slope (an upslope); 

[0056] 2. a second stream, obtained from Zero doWn 
crossings, comprising the instants 

0m; m=1, 2, - - - , M} 

[0057] at Which the signal crosses Zero With a negative 
slope (a doWnslope). 
[0058] Afragment of a signal starting at any Zero crossing 
and ending at the neXt Zero crossing Will be referred to as a 
pulselet. Therefore, a segment of a continuous signal can be 
vieWed as consisting of contiguous, alternating positive and 
negative pulselets, punctuated by respective Zero crossings, 
as illustrated in FIG. 6. 

[0059] At each Zero upcrossing instant tk, values of tWo 
parameters of a respective positive pulselet p+k(t) are deter 
mined: the upslope S+k, de?ned by 

tItk 

[0060] and the mean level V+k, determined from 

[0061] Where tj is a Zero-doWncrossing instant folloWing a 
Zero-upcrossing at tk; in this case, the mean level is de?ned 
as the root-mean-square (RMS) value of the positive pulse 
let. 

[0062] Alternatively, the mean level V"k can be deter 
mined from 

[0063] In this case, the mean level equals the mean value 
of the positive pulselet. 

[0064] FIG. 7 illustrates schematically a positive pulselet 
p+k(t), its upslope S"k and its mean level V+k, de?ned as the 
mean value of the pulselet. 

[0065] In a similar manner, the doWnslope S“rn and the 
mean level V“rn are determined for each negative pulselet 
p_k(t), folloWing a Zero doWncrossing at tm. The values of 
those parameters are calculated from 
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[0066] (hence, by de?nition, the doWnslope may assume 
positive values only), and 

[,2 word: 

[0067] Where ti is a Zero-upcrossing instant folloWing a 
Zero-doWncrossing at tm; in this case, the mean level is 
de?ned as the root-mean-square (RMS) value of the nega 
tive pulselet. Alternatively, 

1 i 
V’: i d 

m [Hmftmwm r 

[0068] In this case, the mean level equals the mean abso 
lute value of the negative pulselet. 

[0069] For each Zero upcrossing tk, the upslope S"k and the 
mean level V"k of a respective positive pulselet are suitably 
combined to produce a Weight (or mark) W"k associated 
With that upcrossing event. Consequently, individual events 
occurring in the resulting stream of events Will have different 
Weights assigned to them. 

[0070] In a similar manner, for each Zero doWncrossing tm, 
the doWnslope S“rn and the mean level V“rn of a respective 
negative pulselet are used to produce a Weight (or mark) 
W’rn associated With that doWncrossing event. Also in this 
case, the events Within the stream Will have different Weights 
assigned to each of them. 

[0071] It is reasonable to assume that higher-level signals 
are less likely to be severely corrupted by noise and other 
interfering effects; also, Zero-crossing locations are less 
likely to be signi?cantly perturbed, if they are associated 
With steeper slopes leading to larger signal eXtrema. There 
fore, a Weight assigned to a Zero-crossing event should be 
increased, if the corresponding pulselet has a steeper slope 
and a larger mean level. For eXample, a Weight can be made 
proportional to the product of those tWo parameters, or it 
may be a representation of a suitable nonlinear function of 
the product. FIG. 8 shoWs an eXample of a nonlinear 
transformation of the product used to obtain Weights to be 
assigned to Zero-crossing events. 

[0072] The operation of assigning different Weights to 
Zero-crossing events is particularly advantageous in appli 
cations involving strongly non-stationary noise-like signals 
With prominent bursts folloWed by signal fading. For illus 
trative purposes, FIG. 9 depicts a fragment of a nonstation 
ary irregular signal comprising alternating burst-and-fade 
intervals. It is evident that steeper slopes combined With 
higher mean signal levels can be more resistant to noise and 
other interference. 

[0073] Samples of a received signal y(t) are taken at the 
time instants coincident With ‘marked’ Zero-crossing events 
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determined from the reference signal Preferably, both 
streams of events (upcrossings and doWncrossings) are 
utilized; however, either one of the tWo streams alone can 
alternatively be employed. Next, such derived samples of 
the received signal y(t) are multiplied by the respective 
Weights assigned to Zero-crossing events de?ning sampling 
time instants. 

[0074] Samples of y(t), taken at upcrossing time instants 
{tk; k=1, 2, . . . , K}, and the associated Weights W"k are used 
to determine K products of the form 

{[W+ky(tk)]; k=1, 2, . . . , K} 

[0075] Similarly, samples of y(t), taken at doWncrossing 
time instants {tm; m=1, 2, . . . , M}, and the associated 
Weights W'k are used to determine M negative products of 
the form 

{[-W’kY(tm)]; m=1, 2, - - - > M} 

[0076] Next, the tWo sets of products are added together to 
produce a Weighted sum WS of the samples derived from the 
received signal y(t), hence 

K M 

W = % Wm) + Z1 Wmrm) 
I m: 

[0077] When there is no delay betWeen a reference signal 
x(t) and a received signal y(t), the Weighted sum WS Will be 
equal to Zero. HoWever, When the relative delay is slightly 
increasing or decreasing, the value of the Weighted sum Will 
folloW the change as long as the delay deviation (or offset) 
remains Within the central linear region of a delay-discrimi 
nator characteristic, similar to that shoWn in FIG. 5. In such 
a case, the absolute value of the Weighted sum WS Will be 
proportional to the magnitude of the delay deviation, 
Whereas the sign of the Weighted sum WS Will indicate the 
direction (polarity) of the delay deviation. 

[0078] FIG. 10 is a block diagram of a time-delay dis 
criminator arranged to operate in accordance With the 
present invention. The discriminator TDD comprises a ref 
erence signal processor RFSP comprising ?ve delay circuits: 
a constant delay line CDL With delay 7», tWo delay circuits, 
A1 and A2, each With delay 0t, and tWo further delay circuits, 
D1 and D2, each With delay 6. The reference signal proces 
sor RFSP also comprises a Zero-crossing detector ZCD, tWo 
level detectors, LD1 and LD2, and a Weight-determining 
circuit WDC. The discriminator TDD further comprises a 
signal conditioning unit SCU and a received signal proces 
sor RCSP comprising a gain-controlled ampli?er GCA, a 
buffer B and an inverter I, a sWitch SW, and an integrator 
INT. 

[0079] In the reference signal processor RFSP, a reference 
signal x(t) is applied to cascaded delay circuits, CDL, A1, 
D1, D2 and A2, With different delays. Functionally, this 
arrangement is equivalent to a single delay line With ?ve 
taps: VA, V1, CT, V2 and VB. The total delay, equal to 
(7»+ot+6), betWeen the delay-line input and the central tap CT 
is approximately equal to the nominal delay betWeen the 
signal x(t) and y(t). The Zero-crossing detector ZCD is 
operable to detect a Zero-crossing instant at tap CT. As 
described beloW, each time a Zero-crossing is detected, the 
reference signal processor RFSP provides a signal repre 
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senting the time of the Zero-crossing and its type (up or 
doWn) to an input ZC of the received signal processor RCSP, 
and a Weight signal to an input WE of the received signal 
processor RCSP. 

[0080] A received signal y(t) is ?rst pre-processed in the 
signal conditioning unit SCU, Which comprises a suitable 
loW-pass ?lter, such as a Gaussian ?lter or a Bessel ?lter. 
Prior to loW-pass ?ltering, the dynamic range of the signal 
may be reduced in a hard-limiter or a soft-limiter. 

[0081] Next, the output signal of the signal conditioning 
unit SCU is applied to the received signal processor RCSP, 
Where it is ampli?ed by the gain-controlled ampli?er GCA 
by a factor proportional to a respective Weight, supplied to 
input WE by the reference signal processor RFSP. Such 
modi?ed signal is then applied simultaneously to a buffer B 
and an inverter I, Which reverses the signal polarity. 

[0082] When a Zero-upcrossing event has been detected in 
the reference signal x(t) as indicated by the signal received 
at input ZC, the sWitch SW samples the output of the buffer 
B. HoWever, When a Zero-doWncrossing event has been 
detected in the signal x(t), the sWitch SW samples the output 
of the inverter I. During the time betWeen Zero-crossing 
events, the sWitch SW remains in a ‘neutral’ position. 
Samples extracted by the sWitch SW are passed to an 
integrator INT, Which may be of a ‘running-average’ type, or 
‘integrate-and-dump’ type. A signal 6 proportional to the 
relative delay betWeen the received signal y(t) and the 
delayed signal x(t), observed at tap CT, is available at the 
output of the integrator. 

[0083] When a Zero-crossing instant is detected at tap CT 
by the Zero-crossing detector ZCD, the type of the crossing 
and its slope are determined from the signals observed at 
outputs V1 and V2 of the delay circuits A1 and D2, 
respectively. While the signal at tap V1 is advanced by a 
small amount 6 With respect to the signal observed at central 
tap CT, the signal at tap V2 is retarded by the same amount 
6 With respect to the central-tap signal. Therefore, the 
difference betWeen signals observed at taps V1 and V2 
approximates the derivative of the signal in the vicinity of a 
Zero-crossing detected at tap CT. 

[0084] In the case of a Zero upcrossing occurring at instant 
tk, the difference betWeen the signals at taps V1 and V2 can 
be expressed as 

[0085] Similarly, in the case of a Zero doWncrossing 
occurring at instant tm, this difference is 

[0086] The absolute value of the difference, being a prac 
tical measure of the pulselet slope, is applied to input SL of 
the Weight-determining circuit WDC. 

[0087] If CT=0 and V1>V2, a Zero-upcrossing event has 
been detected at CT; hoWever, if CT=0 and V2>V1, the 
detected event is a Zero doWncrossing. The Zero-crossing 
detector ZCD produces a pulse coincident With the Zero 
crossing time instant, and the pulse polarity indicates the 
type of that Zero crossing (i.e. an upcrossing or a doWn 
crossing). The resulting bipolar pulse train generated by the 
detector ZCD is applied to input ZC of the sWitch SW in the 
received signal processor RCSP. 
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[0088] The mean level corresponding to a detected Zero 
crossing is estimated by the Weight-determining circuit 
WDC from tWo values L1 and L2 provided by level detec 
tors LD1 and LD2, respectively. The detectors determine 
running mean-absolute (or mean-square) values L1 and L2 
of signals observed at taps VA and VB, respectively. While 
the signal at tap VA is advanced in time by the amount of 
(0&6) With respect to the signal observed at central tap CT, 
the signal at tap VB is retarded by the same amount (0&6) 
With respect to the signal at CT. The value of the total delay, 
2(ot+6), betWeen taps VA and VB is related to the predicted 
average interval betWeen consecutive Zero crossings. Pref 
erably, this delay should be approximately equal to that time 
interval. Preferably, the arithmetic (or geometric) mean of 
the current values L1 and L2 is used as a measure of the 
mean level of a pulselet being observed at tap CT. 

[0089] (It Will be noted that the FIG. 10 arrangement 
operates slightly different from the mean level measurement 
described in connection With FIGS. 6 and 7. In the latter 
case the measurement is based on the Waveform in the area 
betWeen the current event and the next event, Whereas in the 
FIG. 10 arrangement it is based on levels prior to and after 
the current event. Either technique, or indeed other tech 
niques, could be used.) 

[0090] FIG. 11 illustrates schematically the running aver 
age L of the signal appearing at tap CT, and the relationship 
betWeen the advanced running average L1 and the retarded 
running average L2, delayed With respect to L1 by the time 
2(ot+6). 
[0091] The Weight-determining circuit WDC uses the 
value of the slope SL combined With the values L1 and L2 
to determine the Weighting factor to be assigned to a 
Zero-crossing event detected at tap CT. Preferably, the 
Weighting factor is non-linearly related to the product of the 
slope SL and the mean of values L1 and L2. The calculated 
Weight is then applied to input WE of the gain-controlled 
ampli?er GCA in the received signal processor RCSP. 

[0092] FIG. 12 depicts the experimental characteristic of 
a time-delay discriminator constructed in accordance With 
the present invention. The reference signal and its delayed 
replica, i.e. the received signal, Were derived from a Wide 
band noise source With the bandWidth exceeding 200 MHZ. 
For this experiment, a stream comprising 2048 Zero-up 
crossing events Was used for sampling the received signal. 

[0093] The horiZontal axis in FIG. 12 represents time With 
respect to the detected Zero crossing. The vertical axis 
represents the voltage obtained by integrating the Weighted 
samples of the received signal. Different delays betWeen the 
received signal and the reference signal Will cause the 
Waveform of FIG. 12 to adopt different horiZontal positions. 
When there is Zero delay, the Waveform Will be centred, such 
that it intersects the origin of the graph. In the example 
shoWn in FIG. 12, the output value 6 (i.e. the voltage 
obtained When sampling occurs at the time of the Zero 
crossing) equals 100 mV, Which corresponds to a timeoffset 
equal to 0.4 ns. In FIG. 12 the slope of the central quasi 
linear region of the characteristic is equal to 240 mV/ns. The 
maximum delay to be expected in the system is short, and 
less than the average interval betWeen Zero-crossings. Con 
sequently, the system operates Within this quasilinear region. 

[0094] FIG. 13 shoWs a time measurement apparatus 
TMA according to the present invention. Similar compo 
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nents to those of the FIG. 10 embodiment are assigned 
identical reference characters. 

[0095] The main difference betWeen the embodiments is 
that, in FIG. 13, there is a bank of multiple received signal 
processors RCSP, each of Which processes a differently 
delayed version of the received signal y(t). 

[0096] Accordingly, the received signal y(t), after being 
processed by the signal conditioning unit SCU is delivered 
to a succession of cascaded delay units DU. The output of 
each delay unit DU is delivered to the next delay unit and to 
a respective received signal processor RCSP. 

[0097] Each of the outputs O1, O2, . . . On of the received 
signal processors RCSP adopts a voltage Which depends 
upon the delay imparted to the version of the signal y(t) 
received at the input of the respective received signal 
processor RCSP. Collectively, the outputs represent a Wave 
form Which may typically have the shape shoWn in FIG. 14. 

[0098] If the particular delay imparted to the signal y(t) is 
such that the Zero-crossings detected in the reference signal 
processor RESP are not correlated With the Zero-crossings of 
the delayed signal y(t), then the output voltage of the 
respective received signal processor RCSP Will tend to equal 
the mean value of the signal y(t). Examples of this are shoWn 
at O1, O2 and On in FIG. 14. 

[0099] On the other hand, if the delayed version of the 
signal y(t) is sampled at times Which, generally, are in 
proximity to the Zero-crossings of the delayed signal, then 
the output values Will lie on the odd function F shoWn in 
FIG. 14, such as for the examples 01- to OHS. 

[0100] The delay betWeen the signals can be calculated by 
determining that output value (eg Oj+2) Which lies closest 
to the centre of the odd function, using standard signal 
processing techniques. Thus, the delay TD shoWn in FIG. 14 
corresponds to the position of the odd function on the 
Waveform. 

[0101] This arrangement is useful for applications in 
Which the delay is longer than the average interval betWeen 
Zero-crossings. The delay line CDL could be arranged to 
impart a relatively long initial delay A to the signal x(t), so 
that the apparatus operates Within a time WindoW of interest. 
Instead of delaying the signal y(t), the signals applied to 
inputs WE and ZC by the reference signal processor RESP 
could be differently delayed for the respective received 
signal processors RCSP. 

[0102] In the above embodiments, the signals x(t) and y(t) 
are bipolar signals With a Zero-mean, and Zero-crossing 
events are used for sampling purposes. HoWever, various 
modi?cations are possible. The signal does not have to be 
bipolar. Although it is preferred for the threshold level 
de?ning the crossing events to be the average value of the 
signal, this also is not essential. The threshold used for 
upcrossings may differ from that used for doWncrossings. 
Indeed, it is not essential to use both upcrossings and 
doWncrossings. In the arrangements described above, the 
use of the buffer B and the inverter I effectively means that 
the samples triggered by doWncrossings are subtracted from 
those triggered by upcrossings. Alternative arrangements are 
possible. For example, in some cases summing of the 
samples Would be appropriate, for example if the threshold 
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levels for the upcrossings and doWncrossings are suitably 
(e.g. evenly) distributed above and below the mean value of 
the signal. 

[0103] The desired object is to arrange for the combined 
samples to produce a distinctive value When the sampling 
tends to coincide With events in the received signal Which 
correspond to the detected events in the reference signal. 
Preferably, this value should change monotonically as the 
delay changes over the delay range of interest. This can most 
easily be achieved by making the threshold (or thresholds) 
de?ning the events substantially different from the extreme 
values of the reference signal, and preferably close to the 
average value of the signal. It is even more desirable for the 
varying values to represent an odd function (by using bipolar 
signals), so the polarity of the value indicates the direction 
in Which the calculated delay departs from a nominal value. 

[0104] In situations (e.g. active systems) Where the delay 
is being measured betWeen signals, only one of Which has 
been subjected to possible distortion in a transmission path, 
it is preferred that the Weighting be based on the character 
istics of the events in a reference signal Which has not been 
transmitted (eg the source signal before transmission), to 
avoid unnecessary distortion of the Weighting. 

[0105] The present invention is particularly advantageous 
When used for determining the delay betWeen signals Which 
are of a noise-like character, in Which the events occur 
substantially aperiodically, and particularly Where the ampli 
tude varies, for examples signals generated by a random or 
chaotic process. HoWever, such characteristics are not 
alWays necessary. For eXample, in the embodiment of FIG. 
10 it is not essential that the events be spaced aperiodically 
(although this is desirable to avoid false loop locking). 

[0106] In the arrangements described above, the Weighting 
function can adopt any one of a number of different values. 
Alternatively, the function could be arranged to adopt only 
0 and unitary values. This is equivalent to deciding Whether 
to use or discard respective events. 

[0107] Although the presented preferred embodiments 
have analogue implementations of a time-delay discrimina 
tor constructed in accordance With the present invention, all, 
or some, of the required functions and operations can be 
performed by suitably con?gured digital circuitry. 
[0108] The foregoing description of preferred embodi 
ments of the invention has been presented for the purpose of 
illustration and description. It is not intended to be eXhaus 
tive or to limit the invention to the precise form disclosed. 
In light of the foregoing description, it is evident that many 
alterations, modi?cations, and variations Will enable those 
skilled in the art to utiliZe the invention in various embodi 
ments suited to the particular use contemplated. 

1. A method for determining the delay betWeen tWo 
corresponding signals, the method comprising determining 
events at Which the level of a ?rst of the signals crosses a 
predetermined threshold, using each event to sample a 
second signal, determining a Weighting factor associated 
With each event, Weighting each sample according to the 
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Weighting factor associated With the event de?ning the 
sample, and combining the Weighted samples to produce an 
output value. 

2. Amethod as claimed in claim 1, for determining delays 
Which are smaller than the average interval betWeen events, 
and Wherein the delay is determined from the magnitude of 
the output value. 

3. A method as claimed in claim 1, including the step of 
deriving multiple output values by sampling mutually-de 
layed respective versions of the second signal, and deter 
mining the delay by determining Which output value repre 
sents the greatest number of combined events. 

4. A method as claimed in any preceding claim, Wherein 
each Weighting factor is dependent upon the slope of the ?rst 
signal at the time of the event. 

5. A method as claimed in any preceding claim, in Which 
the Weighting factor is dependent upon the average level of 
the ?rst signal in the vicinity of the event. 

6. Amethod as claimed in claim 5, Wherein the Weighting 
factor is dependent upon the product of the slope of the ?rst 
signal at the time of the event and the average level of the 
?rst signal in the vicinity of the event. 

7. A method as claimed in any preceding claim, Wherein 
the Weighting factor is related non-linearly to at least one 
value representing at least one characteristic of the event. 

8. A method of determining the delay betWeen tWo 
corresponding noise-like signals, the method comprising 
determining events at Which the level of a ?rst of the signal 
crosses a predetermined threshold, using each event to 
sample a second signal, combining the samples to produce 
an output value and determining the delay from the magni 
tude of the output value. 

9. A method as claimed in any preceding claim, Wherein 
the events are de?ned by the crossing of one or more 
predetermined thresholds substantially different from the 
eXtreme values of the signal, Whereby the output value 
changes monotonically as the delay changes over a range of 
interest. 

10. Amethod as claimed in any preceding claim, Wherein 
the signals are bipolar. 

11. Amethod as claimed in any preceding claim, Wherein 
the events are at least substantially aperiodic. 

12. Amethod as claimed in any preceding claim, Wherein 
one of the signals has been transmitted and received via a 
delay path, and the other signal comprises a reference signal, 
the method being used to determine the delay associated 
With the delay path. 

13. A method as claimed in claim 12, Wherein the refer 
ence signal is the ?rst signal. 

14. Apparatus for determining the delay betWeen tWo 
corresponding signals, the apparatus being arranged to oper 
ate according to a method as claimed in any preceding claim. 

15. A closed-loop feedback system having a device for 
generating an error signal by determining a delay offset, 
using a method as claimed in any one of claims 1 to 13, and 
an actuator responsive to the error signal for performing an 
operation to adjust the offset. 

* * * * * 


